The effects of hearing aid signal processing depend on the voice characteristics of a talker. For example, we have found that the perceptual and acoustic consequences of hearing aid signal processing vary across talkers and that these effects can be explained, in part, by the acoustic differences between the different voices. However, we find that different utterances spoken by the same talker are also differentially affected by the hearing aid signal processing. In this study, we quantified the acoustic and perceptual consequences of hearing aid signal processing on several utterances spoken by the same talker. The voices were presented in quiet and in the presence of babble noise (10 dB SNR). The voices were processed with varying amounts of frequency compression, wide dynamic range compression and noise suppression (spectral subtraction). We considered intra-talker variability using an objective quality metric (Hearing Aid Sound Quality Index) and perceptual ratings of quality. We analyzed sentences from several different speech corpora, including the Hearing-in-Noise Test (HINT), IEEE and TIMIT. The results showed interactions between the effects of signal processing and the acoustic characteristics of specific utterances spoken by an individual. [Work supported in part by GN ReSound and NSERC] 
INTRODUCTION
Hearing aid signal processing algorithms are often evaluated with speech corpora that consist of professional recordings of voices. However, hearing aid users often listen to speakers who are older and who may have poor voice quality caused by disorders associated with aging (e.g., Parkinson's disease). In a companion paper, we report that the perceptual and acoustic consequences of hearing aid signal processing vary across talkers and that these effects can be explained, in part, by the acoustic differences between the different voices (Goy et al, 2013) . We are also interested in considering whether different utterances spoken by the same talker are differentially affected by hearing aid signal processing. The purpose of the present paper is twofold. First, we use an objective metric to quantify the relative impact of different hearing aid signal processing algorithms on multiple sentences spoken by the same talker. Second, we evaluate whether the differences identified by the objective metric are perceptually salient to a group of listeners with normal hearing.
METHODS

Stimuli
The test materials included sentences spoken by the male talker in the Hearing-in-Noise Test (HINT) (Nilsson et al, 1994) . The analysis using the objective measures utilized 286 sentences from the HINT corpus (25 test lists x 10 sentences per list + 3 practice lists x 12 sentences per list). The perceptual evaluation included a subset of 12 sentences from the full HINT corpus.
Signal Processing
Stimuli were subjected to 11 processing conditions that are summarized in Table 1 . These included nine conditions produced by hearing aid simulations that included several forms of hearing aid signal processing. Two additional conditions included unprocessed speech and speech-in-babble at -5 dB signal-to-noise ratio (SNR). These latter two conditions were used as the "best" and "floor" conditions in the perceptual portion of the study (see below). The Hearing Aid Speech Quality Index (HASQI) ) provides an objective model of speech quality of sounds processed by hearing aids. This model has been used to accurately predict the ratings of speech quality by listeners with normal hearing and listeners with hearing loss for various sounds that simulate common hearing aid sound processing algorithms (Arehart, Kates, & Anderson, 2010; Kressner, Anderson, & Rozell, 2013) . The HASQI metric determines how the hearing aid signal processing has modified the signal. It includes a model of the impaired cochlea and incorporates nonlinear and linear terms. HASQI compares the processed speech to an unprocessed reference signal. The nonlinear portion measures time frequency modulation changes in the envelope while the linear portion measures changes in the long-term spectrum. The nonlinear and linear terms are combined to yield a value ranging from 0 to 1, with 0 indicating the worst quality included in the stimulus set and 1 indicating quality indistinguishable from a perfect reference signal. For more details on the model, please refer to Kates and Arehart (2010) .
Perceptual Measures: Multiple Stimuli with Hidden Reference and Anchor (MUSHRA)
Subjects and Instructions
Ten subjects with normal hearing (5 male, 5 female; age range: 19-58 with mean 28.9 years) were asked to provide the perceptual ratings in this experiment. The subjects were all native speakers of American English and were recruited from the Denver/Boulder metropolitan area. They were pre-screened to have thresholds at or below 20 dB HL at the audiometric frequencies (0.25 -8 kHz, in octave steps) (ANSI, 2004) . The listeners were all compensated for their participation in the experiment. Each listener was tested for four hours over two visits of two hours each. Listeners were provided written instructions regarding the perceptual task at the outset of each testing period. These instructions directed the listener to rate the overall quality of the sound stimulus and to rate all the different stimuli against each other within a given trial.
Stimulus and Presentation
A subset of 12 HINT sentences that represented the range of HASQI values across the processing conditions was used for the perceptual evaluation portion of this experiment. The subset is listed in Table 2 . During the experiment, the digital stimuli were presented using MATLAB® (Mathworks 2011) programs and a Tucker Davis Digital Signal Processor (TDT; Alachua, FL). The stimuli were first converted to analog and then routed through a programmable attenuator and headphone buffer before being presented through Sennheiser HD 25-1 headphones. The stimuli were presented monaurally to the right ear of the subject seated in a sound-attenuating booth (Industrial Acoustics Company; Bronx, NY), and were presented at an average level of 65 dB SPL.
Procedure and MUSHRA Testing
Quality was assessed using the multi-stimulus-test-with-hidden-reference-and-anchor (MUSHRA) test (EBU 2000; Soulodre & Lavoie 1999 ). In the MUSHRA task, subjects listen to several test stimuli and rate the quality of these test stimuli alongside the quality of a hidden reference, an anchor and an explicit reference. Each of the test stimuli (along with the hidden reference and anchor) can be rated against each other on a scale of 0-100 (where 0 is lowest quality and 100 is the reference). The MUSHRA interface used in our testing is shown in Figure 1 . The order of processing conditions (A-K) was randomized for each rating trial.
FIGURE 1. MUSHRA rating program used for perceptual ratings of auditory stimuli
The subjects were then required to familiarize themselves with all 11 processed versions of each sentence prior to providing any ratings. Listeners in this experiment were asked to rate the "Overall Quality" of the stimuli. The listeners provided a total of six quality-rating trials for each of the 12 sentences. Subjects rated each sentence three times in a single visit. The order of the sentences was randomized for each visit.
RESULTS AND DISCUSSION
Objective Measures
Shown in Figure 2 , the quality scores using the HASQI model were obtained for each of the 286 utterances produced by the same male talker. The unprocessed sentence served as the reference signal for each combination of sentence and processing. Thus, the unprocessed sentence in each condition had a HASQI score of 1. The extent to which HASQI values decreased from the value 1 indicates the change in signal fidelity caused by a particular processing condition. For example, the strong syllabic compression in babble (at 10 dB SNR) yielded an average HASQI value of 0.1161.
The range of HASQI values for each processing condition provides an indication of the variability in estimates of signal fidelity due to processing. For example, the variability in the dynamic range compression condition indicates that the compression algorithm modified signal envelopes of individual sentences to varying degrees. Also, wide dynamic-range compression, for example, will amplify the low-intensity speech sounds more than the high-intensity sounds. Thus the variation in intensity of an utterance will impact the degree of modulation produced by the compression.
FIGURE 2.
Variability in estimated quality measures for 286 different utterances produced by a single male talker from the HINT Corpus (Nilsson, 1994) . Each vertical box shows the spread of the calculated HASQI scores for different sentences in the single processing condition.
The variability seen in the HASQI scores within the same talker are similar to the variability seen across different talkers (Goy et al., 2013) .
Perceptual Measures
FIGURE 3. Average subjective quality ratings for the 12 HINT sentences produced by the Male HINT Talker for the 11 processing conditions. For definitions of processing condition 1 through 11, see Table 1 above. Figure 3 above shows the average ratings obtained using the MUSHRA procedure for the 12 sentences for each of the 11 processing conditions. As expected, the MUSHRA ratings were highest for all sentences in the unprocessed condition (on average a rating of 97.08) and were lowest for the -5dB SNR babble condition (on average a rating of 10.77). In addition, the average ratings vary across the different processing conditions. Finally, within each processing condition, individual sentences yielded a range of perceived quality ratings.
The MUSHRA ratings from the ten listeners with normal hearing were subjected to a repeated-measures Analysis of Variance (ANVOA). All processing conditions were included in this analysis except the reference and anchor conditions. The ANOVA results revealed a significant effect of the processing [F(8, 64) = 18.162; p<0.0001] such that some processing conditions affected quality much more than other processing conditions (see also Kates and Arehart, 2010; Goy et al., 2013) . The main effect of sentences was also significant [F(11,88) This significant correlation indicates that HASQI captures variation due to differences in the spectral and temporal features that characterize different speech content produced by the same talker. In other work, we observed a similar significant relationship (Pearson correlation r = 0.941, p< 0.001) between HASQI and perceptual ratings by normal-hearing listeners for sentences spoken by different talkers ( Figure 4 , right panel; see also Goy et al., 2013) 
CONCLUSIONS
Signal processing does not affect all sentences spoken by the same talker equally. HASQI provides an objective metric for predicting these differential effects. When testing the perceptual quality of speech after processing by hearing aids, it may be important to include multiple sentences from multiple talkers to fully capture the range of possible signal modifications caused by particular signal processing algorithms.
